of the nematode Ascaris lumbricoides is described. With this preparation we have determined the physiological sign (E or I; excitatory or inhibitory) of the neuromuscular synapses of 21 identified motoneurons-12 are excitatory and 9 inhibitory. Ascaris motoneurons had previously been classified by morphological criteria into seven classes (Stretton, A. 0. W., R. M. Fishpool, E. Southgate, J. E. Donmoyer, J. P. Walrond, J. E. R. Moses, and I. S. Kass (1978) Proc. Natl. Acad. Sci. U. S. A. 75: 3493-3497) .
Physiological studies were performed on members of five of these classes. Three classes of neurons (DEl, DE2, and DE3) are excitatory to dorsal muscle cells. Two classes (DI and VI) are inhibitory neurons which innervate the dorsal and ventral muscle cells, respectively.
The motoneurons in Caenorhabditis elegans (White, J. E., E. Southgate, J. N. Thomson, and S. Brenner (1976) Philos. Trans. R. Sot. Lond. (Biol.) 275: 327-348) can be divided into seven morphological classes which are very similar to those in Ascaris. Based upon the structure-function correlation in Ascaris, we have predicted which motoneurons are excitatory and which are inhibitory in C. elegans.
A basic tenet of modern neurobiology is that behavior is under the control of the nervous system; behavioral coordination is thought to emerge from the physiological properties of the individual neurons and their synaptic connections.
As early as 1908, Richard Goldschmidt
proposed that the large nematode Ascaris would provide an ideal system in which to investigate the neural control of behavior since this animal contains only a small number (-250) of nerve cells. In a classic series of experiments, Goldschmidt (1908 Goldschmidt ( , 1909 reconstructed the anatomy of the neurons in the head (Goldschmidt, 1908) and tail (Goldschmidt, 1909) showing that they were completely reproducible from animal to animal and that all of the neurons could be individually recognized and named. Having made these important observations, Goldschmidt (1908 Goldschmidt ( , 1909 Subsequently, it was shown that stimulating the nervous system could evoke either excitatory or inhibitory responses in muscle cells (de Bell et al., 1963; de1 Castillo et al., 1967; Weisblat and Russell, 1976) , suggesting the existence of both excitatory and inhibitory motoneurons. However, because these investigators lacked a detailed knowledge of the anatomy of the motor nervous system of Ascaris they could not relate these responses to individual motoneurons.
To identify individual motoneurons for physiological experiments, we have recently extended the classical analysis of Ascaris neuroanatomy to the ventral and dorsal nerve cords which contain the cell bodies and processes of the motoneurons which innervate the muscle cells (Stretton et al., 1978) . Each motoneuron innervates either dorsal or ventral muscle cells. Based upon their characteristic shapes, the motoneurons have been divided into seven distinct classes, each of which is present in several copies. Members of all seven classes have a cell body and a process in the ventral nerve cord. Five types also have a dorsal process linked to the ventral process by a single transverse fiber. These single fibers, first described by Hesse (1892), Vol. 5, No. 1, Jan. 1985 have been called commissures;" they are arranged in a highly reproducible pattern in the body of the worm. Because the position of the commissures is so reproducible, we can make dissections in which the commissure of a single identified motoneuron is the only neuronal connection between the dorsal and ventral nerve cords. In these preparations, we determined the sign of the neuromuscular output of the motoneuron by stimulating it in one nerve cord while recording from the muscle cells it innervates in the other cord.
Of the five neuronal types with commissures, four are dorsal motoneurons and one is a ventral motoneuron. The present results show that members of three classes of motoneurons (DEl, DE2, and DE3) et al., 1977; Stretton et al., 1978) .)
Attaining an understanding of how Ascaris uses its nervous system to control behavior will require more than a knowledge of the anatomy and neuromuscular physiology of individual motoneurons.
It will also require insights into how the motoneurons are controlled to produce coordinated output. The following paper (Walrond and Stretton, 1985a) presents evidence for synaptic interactions between the dorsal excitatory and ventral inhibitory motoneurons.
The third paper (Walrond and Stretton, 198515) presents physiological evidence for synaptic interactions among the dorsal motoneurons and discusses how these neuron-neuron interactions lead to plausible models of how the nematode nervous system controls locomotion. These models are currently being tested and refined by intracellular recording from Ascaris neurons (Davis and Stretton, 1981 ,1982 ,1983 .
Materials and Methods
Worms were obtained from the intestines of freshly killed hogs at a local slaughterhouse and transported to the laboratory in Kronecker's solution (0.9% NaCl and 0.15 mM NaOH). In the laboratory, animals were placed in fresh Kronecker's solution and maintained at 37°C for up to 4 days. The Ascaris saline solution used in electrophysiological experiments contains 24.5 mM KCI, 11.8 mM CaCl*, 9.8 mM MgCl,, 7.8 mM NaCl, 125 mM sodium acetate buffered with Tris or TES (N-Tris-(hydroxymethyl)methyl-2-aminoethane sulfonic acid), pH 7.4. This solution, which has twice the levels of Ca*+ and Mg" present in Ascaris body fluids, suppresses the spontaneous activity of muscle cells so that individual responses to stimulation of single motoneurons can be more easily observed.
In intact animals, the commissures can be visually identified in a dissecting microscope under darkfield illumination. The commissures are arranged in a repeating pattern (Fig. 1A) ; each unit or segment contains seven commissures (Fig. 1R) . Typically, there are three pairs that traverse the right side of the animal and a single left-hand commissure (Fig. 1C) . The seven commissures represent five types of motoneurons (Fig. 1D) . The first and second pairs of commissures to the right in a segment each consist of a DE1 and a VI motoneuron. DE1 and VI commissures can be distinguished because the diameter of the DE1 commissure is greater than that of the VI; DE1 is also usually anterior to VI (C. D. Johnson and A. 0. W. Stretton, submitted for publication). The members of the third right-hand pair, commissures of DE2 and DI motoneurons, often cannot be distinguished by their diameters, but since the DE2 commissure lies anterior to the DI neuron about 70% of the time (C. D. Johnson and A. 0. W. Stretton, submitted for publication), they can usually be distinguished by their relative position. The commissures of DE3 motoneurons are easily identified since they are the single left-hand commissures in each segment.
4 It should be noted that this is a special use of the term "commissure" that is established in the nematode literature (see Bullock and Horridge, 1965) . In contrast to other systems in which commissures are bundles of fibers linking left-right symmetrical structures, in nematodes the term refers to single dorsoventral fibers.
To study reponses to stimulation of motoneurons, preparations in which the ventral and dorsal nerve cords remained connected by single commissures were made. For commissures in right-hand pairs, one member of the pair was severed by puncturing the body wall and commissure with an insect pin. A 4-cm section of worm containing the unsevered commissure was then excised. The left lateral line was cut completely and the right lateral line was cut partially so as to leave the dorsal and ventral halves connected by a narrow strip of body wall containing a single uncut neuron (Fig. 2) . For DE3, complementary dissections were carried out, leaving a tissue bridge containing the single commissure which crosses the left lateral line, while completely severing the right lateral line. The preparation was then pinned out in the physiological recording chamber (volume, 20 ml) with its muscle surface uppermost, and the intestine was removed with forceps. The bath was maintained at 37 to 38°C with an electrical heating coil and fresh Ascaris saline, preheated in a reservoir, was perfused through the chamber at 90 ml/hr. A narrow longitudinal strip of body wall containing a length of nerve cord that was known from anatomical data (Stretton et al., 1978) to contain a process of the intact neuron was dissected and drawn up into a suction electrode for stimulation with either single square current pulses or trains of pulses.
Intracellular recordings were made from muscle cell bellies (Fig. 3 ). In nematodes, muscle cells have three distinct parts: the spindle, containing the contractile fibers; the belly, containing the nucleus; and the arm, which extends from the belly to the nerve cord where it branches and receives synapses from the motoneurons (Rosenbluth, 1965) . Penetrations were made with KCl-or KOAc-filled microelectrodes (20 to 40 megohms) mounted on free-floating chloridized silver wire and connected through a high impedance preamplifier to an oscilloscope. Muscle cell resting potentials were generally 35 to 40 mV. In all cases, muscle cell bellies close to the nerve cord were chosen for recording evoked responses since, as previously reported by de1 Castillo et al. (1967) , the amplitude of muscle responses decreased with increasing displacement from the nerve cord (see also Walrond, 1979) . When the input (dendritic) process of the intact cell was stimulated in one nerve cord, intracellular recordings were taken from muscle cells known anatomically to be directly innervated by the neuron (Stretton et al., 1978) in the other nerve cord. When the output region of a neuron was stimulated, intracellular recordings were taken from muscle cells within the neuron's input region. In these latter experiments, a signal averager (Tracer Northern 570) was used to increase the probability of detecting low amplitude responses.
To show that the observed response resulted from activation of the motoneuron, and not from direct electrical activation of the muscle cells by current spread from the stimulating electrode, in many experiments the intact commissure was cut while monitoring the evoked activity. Because commissures can be seen in intact animals but not after dissection, the position of a commissure pair was marked by puncturing the body wall of the intact animal with an insect pin coated with carmine particles. This technique leaves a red dot inside the body wall. Two such marks were used to span the position of a selected commissure. By cutting only the short section of the body wall between the marks, the intact commissure could be severed without unduly disturbing the microelectrode recording the evoked response.
Following the electrophysiological analysis, many preparations were fixed, embedded, and serially sectioned for light microscopy (Stretton, 1976) . In order to validate the surgery used to isolate commissures and to identify the commissural neurons, the profiles of the cut and intact fibers were traced through serial sections, and each member of the pair was identified by the position of its cell body and the course taken by its processes in the dorsal and ventral cords (Stretton et al., 1978) .
Results
Each of the first and second pairs of commissures in each repeating unit includes the commissure of a DE1 neuron (Fig.  1) . Activation of the ventral process of either of these motoneurons produced a twitch in the dorsal musculature.
Intracellular recordings taken from dorsal muscle cells in the region where the stimulated DE1 motoneuron has neuromuscular synapses revealed a slow depolarizing response or a slow depolarization with a superimposed spike (Fig. 3A) . These spikes occasionally reached an amplitude of 30 to 40 mV but only rarely overshot the 0 mV potential.
Spikes were only seen in muscle cells close to the nerve cord, the response evoked in more lateral muscle cells consisted of the slow potential alone. All six of the DE1 neurons in the first three segments evoked depolarizing responses in the dorsal musculature. We therefore concluded that the DE1 neurons are excitatory motoneurons.
The neurons designated DE2 and DE3 occur in only one copy per segment. In each segment the commissure of the DE2 neuron is a member of the third pair of commissures, and DE3 is the neuron with the single left-hand commissure (Fig. 1) . Stimulating the ventral process of either of these neurons evoked twitches and depolarizing responses in the dorsal musculature (Fig. 3, B and C) similar to responses evoked by activation of the DE1 motoneurons. Each of the three DE2 neurons and the three DE3 neurons of the first three segments showed similar responses. These results indicate that the DE2 and DE3 neurons are also excitatory motoneurons.
The other neuron present in the third pair of commissures is a type DI neuron (Fig. 1) (Fig. 2) . The VI neurons synapse with the ventral musculature (Stretton et al., 1978) . Activating the dorsal process of a VI neuron produces a hyperpolarization in the ventral musculature (Fig. 4B ). These hyperpolarizations are indistinguishable from the ones evoked in dorsal muscles by the ventral activation of the DI neuron. All six of the VI neurons in the first three segments evoke similar ventral hyperpolarizations.
Thus, these neurons are ventral inhibitory motoneurons.
In some experiments, stimulation of single excitatory or inhibitory motoneurons produced complex responses. For DE neurons a hyperpolarizing potential often followed the depolarization (Fig. 5A) , and for the inhibitory neurons a depolarizing potential often followed the evoked hyperpolarization (Fig. 5B) .
In different muscle cells, the relative amplitude of the first and second components of the response varied. Although the present experiments do not define the origin of these responses, they may result from synaptic interactions within the nerve cords or from electrical properties of nerve or muscle cells (see "Discussion").
When the commissure was cut while recording the evoked response, the response was obliterated (Fig. 6 , Table I ). These results showed that the evoked potential resulted from activity conducted through the commissural neuron and not from the direct electrical activation of muscle cells by current leaking out of the stimulating electrode. Stimulating the DE neurons with varying extracellular current pulses evoked graded potentials in the muscle cells inervated by these neurons (Fig. 7) . Intracellularly recorded muscle potentials did not show a threshold; rather, they were continuously graded up to a maximum value. The maximal response features revealed by analyses of selected serial sections in the electron microscope had previously been used to identify for each motoneuron the input region, which receives synapses from other neurons, and the output region, where the neuron synapses onto muscle (Stretton et al., 1978) . All of the experiments described so far have concentrated on stimulating the motoneuron's input region while recording from muscle cells along its output region. Complementary experiments were carried out in which the output region of the cells was stimulated while recording from muscle cells along the input region. Even when signal averaging was used to detect low amplitude responses, activation of the output region failed to produce detectable responses in muscle cells along the input region.
A total of 94 determinations of function were performed on 21 of the 22 motoneurons with commissures in the first three segments (Table I) . (The neuron with the single extra righthand commissure in the first segment was not investigated.)
In 63 experiments the intact neuron was rigorously identified by histological means after completion of the physiological experiment (Fig. 8, Table I ).
Discussion

Physiological
properties of identified neurons. The motoneurons of Ascaris are organized in a repeating pattern within the ventral and dorsal nerve cords (Stretton et al., 1978) . Each repeating unit or segment contains a set of 11 motoneurons; on the basis of their morphology, these have been divided into seven different classes. Members of three classes are present once in each repeat, whereas four classes are represented twice (3 + (4 x 2) = 11). The results presented in this paper have determined the physiological sign of neuromuscular transmission of representatives of five of the seven types of motoneurons-three (DEl, DE2, and DE3) are excitatory; two (DI and VI) are inhibitory (Fig. 9) . Each of 21 different neurons with commissures that we investigated in the first three segments (i.e., all of those present except for the extra single right-hand commissure in the first segment) had been assigned to one of five classes based on anatomical criteria.
In the electrophysiological experiments reported in this paper, different members of the same class of neuron evoke similar responses in the musculature, so that there is an excellent correlation between structure and function in the set of neurons we have studied. In the case of the first pair of commissures in the first segment, they had been classified as a DEl/VI pair on the basis of the morphology and relative position of their input and output processes (Stretton et al., 1978) (Stretton et al., 1978) . However, the fact that evoked responses are recorded only in the anatomically defined output region must be interpreted cautiously. First, unless complete serial section electron microscopy is carried out, our anatomical data have only shown that any neuromuscular synapses made by the morphologically defined dendritic zone are rare, not that they do not exist. Second, although no evoked signals are detectable in muscle cells in the input zone of a neuron when its output process is stimulated, this could be due to failure of propagation of the antidromic signal into the commissure or into its dendritic process. Intracellular recording from the commissure and the dorsal and ventral processes of each neuron will be necessary before a completely satisfactory interpretation of these particular results can be made. Since the remaining two classes of motoneurons, types V-l and V-2, are confined to the ventral nerve cord and do not have commissures, the direct physiological investigation of their function by the methods used for the commissural motoneurons is not possible. We surmise, on the basis of structural analogies with DE neurons, that both of these neuron types are ventral excitatory motoneurons.
First, the V-l and V-2 neurons extend a ventral process which makes synapses to ventral muscle cells in only one direction, either anteriorly (V-l) or posteriorly (V-2), relative to their cell bodies (Fig. 9) . The dorsal excitors extend a dorsal process in only one direction from the commissure and cell body, either anteriorly (DE1 and DE3) or posteriorly (DE2). In contrast, both types of inhibitory motoneurons (DI and VI) extend processes both anteriorly and posteriorly in both nerve cords. (Structurally, the DI neurons seem to be the dorsal equivalent of the VI neurons.) In addition, the locations of the DE and V-motoneurons within the two nerve cords are similar. In transverse sections of the nerve cords, the profiles of motoneurons (Fig. 10) fall into groups; thus, in the dorsal cord the inhibitory neurons form a group on one side of the cord, and the dorsal excitatory neurons form a group on the other side. An analogous arrangement of motoneurons exists in the ventral cord where the inhibitory neurons are grouped on one side, and the V-l and V-2 neurons are on the other side. Thus, on these structural criteria the V-l and V-2 neurons are equivalent to the dorsal excitors.
A more convincing argument can be made by considering the synaptic connections made by these neurons. The DEl, DE2, and DE3 neurons receive input from interneurons in the ventral cord. In the dorsal cord, besides making neuromuscular synapses, they form the sole source of input to the dendrites of ventral inhibitory neurons (see Walrond and Stretton, 1985a) and make synapses onto the neuromuscular output regions of the dorsal inhibitors (see Walrond and Stretton 1985b) . Similarly, in the ventral cord the V-l and V-2 neurons receive their input from interneurons, make ventral neuromuscular synapses, provide the sole input to the dendrites of the dorsal inhibitors, and make synapses with the ventral inhibitory output regions (J. E. Donmoyer, P. A. Desnoyers, and A. 0. W. Stretton, unpublished observations). Taken together, these anatomical data show that the shape, position, and synaptic interactions of V-l and V-2 neurons are analogous to those of the dorsal excitory motoneurons; therefore, we suppose that both V-l and V-2 neurons are excitatory. Direct physiological evidence is needed to establish this conclusion firmly. Graded neuromuscular transmission. By varying the parameters of stimulation, we observed that the response recorded in muscle cells did not show an all-or-none threshold but was continuously graded with the strength of the stimulus. This suggests that neither the neurons nor the muscle cells propagate all-or-nothing action potentials.
In the experiments described in this paper, electrical activity of motoneurons has been inferred from recording their effects upon muscle cells, rather than by recording from the neurons. Direct intracellular recordings from the neurons have shown that, indeed, the neurons do not propagate action potentials, and that neuromuscular transmission is graded (Davis and Stretton, 1982) . The relationship between neuronal signals and muscle responses is not linear; the input-output properties of the synapse, amplification produced by active channels in the muscle cell (de1 Castillo et al., 1967) , and the presence of electrical synapses between muscle cells (de1 Castillo et al., 1963) will each affect this relationship, but the relative contribution of each of these factors has yet to be determined.
Complex responses. Complex responses in muscle cells were often seen: in the case of excitors, the initial evoked depolarization was often followed by a hyperpolarization, and for inhibitors, the initial hyperpolarization was often followed by a Vol. 5, No. 1, Jan. 1985 A Figure  4 . ( Stretton et al., 1978) . The shapes and locations of the neuromuscular output regions of individual cells allow each motoneuron type in Ascaris to be given a precise equivalent in Caenorhabditis (Table  II) . Neuron types DAS, DB, and DA in Caenorhabditis correspond to types DEl, DE2, and DE3, respectively, and therefore are probably excitatory to the dorsal muscles. The inhibitory motoneurons DI and VI are equivalent to the Caenorhabditis DD and VD neurons, indicating that they may be the inhibitory motoneurons.
Finally, VA and VB neurons in Caenorhabditis correspond to the V-l and V-2 of Ascaris neurons which are probably excitatory.
In C. elegans, the DE2, DE3, and DI motoneurons result from embryonic cell lineages (Sulston et al., 1983) . The DEl, 
